It was shown decades ago that purified 30S ribosome subunits readily interconvert between "active" and "inactive" conformations in a switch that involves changes in the functionally important neck and decoding regions. However, the physiological significance of this conformational change had remained unknown. In exponentially growing Escherichia coli cells, RNA SHAPE probing revealed that 16S rRNA largely adopts the inactive conformation in stably assembled, mature 30S subunits and the active conformation in translating (70S) ribosomes. Inactive 30S subunits bind mRNA as efficiently as active subunits but initiate translation more slowly. Mutations that inhibited interconversion between states compromised translation in vivo. Binding by the small antibiotic paromomycin induced the inactiveto-active conversion, consistent with a low-energy barrier between the two states. Despite the small energetic barrier between states, but consistent with slow translation initiation and a functional role in vivo, interconversion involved large-scale changes in structure in the neck region that likely propagate across the 30S body via helix 44. These findings suggest the inactive state is a biologically relevant alternate conformation that regulates ribosome function as a conformational switch.
It was shown decades ago that purified 30S ribosome subunits readily interconvert between "active" and "inactive" conformations in a switch that involves changes in the functionally important neck and decoding regions. However, the physiological significance of this conformational change had remained unknown. In exponentially growing Escherichia coli cells, RNA SHAPE probing revealed that 16S rRNA largely adopts the inactive conformation in stably assembled, mature 30S subunits and the active conformation in translating (70S) ribosomes. Inactive 30S subunits bind mRNA as efficiently as active subunits but initiate translation more slowly. Mutations that inhibited interconversion between states compromised translation in vivo. Binding by the small antibiotic paromomycin induced the inactiveto-active conversion, consistent with a low-energy barrier between the two states. Despite the small energetic barrier between states, but consistent with slow translation initiation and a functional role in vivo, interconversion involved large-scale changes in structure in the neck region that likely propagate across the 30S body via helix 44. These findings suggest the inactive state is a biologically relevant alternate conformation that regulates ribosome function as a conformational switch.
SHAPE | conformational change | in vivo | ribosome | 16S rRNA F orty-five years ago, Zamir, Elson, and their colleagues reported that purified 30S subunits of the ribosome undergo a readily reversible conformational change between "active" and "inactive" states and proposed that this conformational rearrangement might mimic a natural process (1) . Noller and coworkers used chemical probing to show that this conformational change occurs in the neck and decoding center regions of the 16S ribosomal RNA (rRNA) and has "the appearance of a reciprocal interconversion between two differently structured states" (2) . Recent structural analyses indicate that the protein-free 16S rRNA adopts alternative base-paired conformations in the neck region that are conserved among diverse eubacterial and archeal organisms (3) . The ability to sample multiple conformations in this region is also conserved in eukaryotes (4) . The original studies on the inactive and active states noted that probing ribosomes in cells might allow the biological roles of these states to be established (1, 2) . Here we make use of recent innovations in in-cell RNA SHAPE (selective 2′-hydroxyl acylation analyzed by primer extension) probing (5) to interrogate the structure of 16S rRNA in free 30S subunits, in actively translating ribosomes, and in mutant ribosomes in exponentially growing Escherichia coli.
Results
In Vivo SHAPE Probing of Ribosomal States. We used in vivo SHAPE (5, 6) to probe the RNA structure in exponentially growing E. coli cells and then halted translation by rapidly pouring the cells over ice (7) . Experiments were performed with the SHAPE reagent 1M7, which readily enters cells and either reacts with RNA or undergoes inactivation by hydrolysis over ∼2 min. Probing is thus rapid, no explicit quench step is required, and the experiment is performed under mild conditions compatible with recovery of intact cellular ribonucleoprotein complexes. Ribosomal components were separated by velocity sedimentation through a sucrose gradient. We observed well-defined peaks corresponding to polysomes, indicating that in-cell probing and subsequent ribosome component fractionation did not disrupt the interaction between ribosomes and mRNA (Fig. 1A) .
Fractions were obtained corresponding to free 30S subunits, 70S ribosomes, and polysomes (at least four ribosomes per mRNA). For each sample, the rRNA was isolated and primer extension used to quantify the 1M7 reactivities of 16S rRNA nucleotides (Fig. 1B) . SHAPE reactivities provide a model-free measure of local nucleotide flexibility (8) . The vast majority of nucleotides (∼94%) had similar SHAPE reactivities (within 0.3 SHAPE units) in 30S subunits, 70S ribosomes, and polysomes ( Fig. 1 C and D and Fig. S1 ). Reactivity patterns were compared with the expected accessibility of nucleotides in the conventional RNA secondary structure (9) . The reactivity patterns for 70S ribosomes and polysomes were nearly identical and were fully consistent with the conventional secondary structure (Fig. 1D ). In the free 30S subunits, 43 out of the 45 helices in the 16S rRNA had SHAPE reactivities consistent with the conventional RNA secondary structure (Fig. 1C ).
An RNA Conformational Change Differentiates Free 30S Subunits and Translating Ribosomes. Critically, two regions in the 16S rRNA isolated from free 30S subunits had reactivity profiles inconsistent with the conventional secondary structure model. One spans half of helix 28 (h28) and the second involves h36 (Fig. 1 C) . These helices form part of the neck in the 30S subunit, adjacent to the decoding site. In the conventional structure, h28 is formed in part by base pairing between nucleotides 923-927 and 1390-1393, and Significance It has been known for decades that purified small subunits of the ribosome can interconvert between active and inactive conformations in experiments performed under simplified conditions, but the physiological relevance of this switch has remained unclear. We probed the structure of ribosomal RNA in healthy living cells and discovered that stably assembled 30S subunits exist predominantly in the inactive conformation, with structural differences localized in the functionally important decoding region. Disrupting the ability to interconvert between active and inactive conformations compromised translation in cells. In-cell RNA structure probing supports a model in which "inactive" 30S subunits comprise an abundant in-cell state that regulates ribosome function.
the in vivo SHAPE data from polysomes are consistent with this secondary structure (Fig. 1 B, Top, and 1D ). In contrast, in the free 30S subunit, nucleotides 1390-1394 are modified by SHAPE ( Fig.  1 B, Bottom) , indicating that they are not constrained by stable base-pairing interactions. Nucleotides in one strand of h36 (positions 1081-1083) were also strongly reactive, suggesting that in free 30S subunits these nucleotides are not involved in base pairing. These data indicate that the conformation of the neck region differs in translating and free 30S subunits.
A few other regions had higher SHAPE reactivity in free 30S subunits than in polysomes (Fig. S1 ). These include nucleotides in loops centered on positions 790, 965, 1092, and 1109. The latter two loops interact with one another as part of the h35/h36/h37 region that packs against the neck helix h28 (Fig. S2) . Increased reactivity of the 790 loop in the free 30S subunit may be due to initiation factor 3 (IF3) binding or to the absence of the P-site tRNA or the 50S subunit (10, 11) . Higher SHAPE reactivities in the 965 loop likely reflect a vacant P site in the free subunit (11) .
The free 30S fraction likely contained mature subunits that have participated in previous rounds of translation as well as newly assembled 30S subunits. There was a short lag between the 30S 50S 70S 2 3 4 Absorbance (260 nm) 5 Peaks corresponding to 30S and 50S ribosomal subunits, 70S ribosomes, and polysomes containing four to eight ribosomes are indicated; the top of the gradient is on the left. (B) SHAPE reactivity profiles for 16S rRNA from polysomes (Top) and free 30S subunits (Bottom). (C and D) SHAPE reactivities for 16S rRNA isolated from (C) free 30S subunits and (D) polysomes superimposed on the conventional secondary structure. Nucleotides are shown as circles, colored by SHAPE reactivity (see scale). As shown in the Insets, reactivities differ in the neck region, and reactivities for the 16S rRNA in free 30S subunits are inconsistent with the conventional structure.
time when cells were modified by 1M7 and when translation was stopped and ribosomes isolated. We therefore examined, and ruled out, contributions from (i) immature 30S subunits that were modified before complete assembly (5) and (ii) 70S ribosomes that were modified but dissociated during purification to sediment in the 30S peak. To examine whether the alternate 16S rRNA structure resulted from an immature 30S species, cells were incubated with rifampicin to halt transcription; under these conditions, 30S species assemble fully (5) . SHAPE reactivities for the 16S rRNA from the free 30S peak from cells treated with and without rifampicin were nearly identical ( Fig. 2A; Pearson's linear r = 0.92). To test whether dissociation of 70S ribosomes contributed to the free 30S fraction, we treated cells with the antibiotic chloramphenicol, which binds to the 50S subunit, prevents peptidyl transfer and subsequent translation, and stabilizes 70S ribosomes (12) . Again, SHAPE reactivities for 16S rRNA in free 30S subunits plus and minus the drug were nearly identical ( Fig. S3 ; Pearson's linear r = 0.90). Finally, SHAPE reactivities for the 16S rRNA probed in cells treated with both rifampicin and chloramphenicol did not differ significantly from untreated cells. These data indicate that the SHAPE reactivity profile we observe for 16S rRNA in the 30S peak in exponentially growing cells reflects mature 30S subunits.
In Vivo 16S rRNA Structure in Free 30S Subunits Corresponds to the Inactive State. Purification of ribosomal subunits for biochemical and structural studies generally includes a step in which ribosomes are dialyzed against buffer containing a low Mg 2+ concentration (1-2 mM). This condition dissociates the subunits and induces a major structural change in the 30S subunit (termed "inactivation"); this conformational change interferes with tRNA binding to the P site. Incubation of these inactive subunits at 42°C in the presence of high Mg 2+ concentrations (10-20 mM) promotes reversal of the structural change (termed "activation") and recreates the state that efficiently binds tRNA (13) . We probed purified 30S subunits under these two conditions in vitro.
The SHAPE profile for the in-cell state of 16S rRNA in free 30S subunits was very different from the active state but was highly similar to the inactive state ( Fig. 2 B and C) .
The antibiotic paromomycin binds to helix h44 at the internal loop formed by A1408, A1492, and A1493 (Fig. 3A , boxed nucleotides) (14) and stimulates ribosome subunit association at low-magnesium ion concentrations (15) . We hypothesized that binding by paromomycin might shift the equilibrium of the 16S rRNA from the inactive to the active state. We probed the structure of the 16S rRNA in inactivated 30S subunits in vitro before and after incubation with paromomycin and compared the SHAPE reactivity profiles to that of activated subunits. Addition of paromomycin caused the inactive state to adopt a conformation similar to the active state but had essentially no effect when added to 30S subunits in the active state (Fig. 2 D  and E and Fig. S2 ). The largest differences in the inactive versus active state occurred at nucleotides 1391-1398, a region outside the site where paromomycin binds. Thus, the small free energy increment provided by paromomycin binding, which stabilizes h44, is sufficient to shift the equilibrium from an inactive to an active-like state.
The Inactive State Contains an Alternative Helix. The h28-h44 region is conspicuously lacking sequence covariation (16) . Nucleotides in these helices are highly conserved, and sequence variations that occur do not specifically support (or contradict) formation of these helices. Sequence alignment of the 16S rRNAs from E. coli, Clostridium difficile, and Haloferax volcanii, facilitated by structural information based on SHAPE data (3), supports formation of a specific structure at the h28-h44 junction that differs from that of the conventional structure (Fig. 3B ). This conformation involves a register shift. Nucleotides 1402-1408, which form an irregular helix at the beginning of h44 in the conventional structure, pair with positions 921-927 (within h28 in the conventional structure), and nucleotides 1390-1401 form a loop. In-cell SHAPE reactivities for 16S rRNA in free 30S subunits correspond closely to the alternate base-pairing model: Nucleotides proposed to pair in the alternate h28 were unreactive, and nucleotides 1390-1401 were reactive ( Fig. 3 A and B) . SHAPE reactivities for the active and inactive states prepared in vitro also agreed with the conventional and the proposed alternate base-pairing models, respectively ( Fig. S4 ).
The alternate h28 conformation predominates for the 16S rRNA when ribosomal proteins are removed (3, 17) , suggesting that it is more thermodynamically stable than the conventional conformation. We estimated the relative stabilities of the two rRNA conformations using both nearest neighbor interactions and the pseudo-free energy change term based on SHAPE reactivities (17, 18) . The difference in stabilities between conformations in the ribosome neck region was estimated to be 2.0 kcal/mol ( Fig. 3 A  and B) . Thus, the alternate conformation is more stable than the conventional one, but only by a small increment, consistent with a low-energy barrier and with the observed ability of paromomycin binding to induce the transition from the inactive to an active state.
The base-pair substitution A923U/U1393A does not alter the estimated stability of the conventional h28 but should disrupt the alternate helix (replacing an A-U pair with a U-U mismatch; Fig. 3 A and B). This mutation was introduced into h28 and tested using a specialized ribosome system that allows the effect of 16S rRNA mutations to be quantified without affecting cell growth (19) . Translation efficiency was reduced fivefold, consistent with a role for the conformational switch in translation initiation (full results of these experiments are summarized in Table S1 ). We also analyzed the in-cell structures of the wildtype and mutant 16S rRNA from free 30S subunits isolated from cells containing a single rRNA operon (Δ7 prrn). Superposition of the SHAPE reactivities on secondary structure models for each state shows that nucleotides in the alternate helix (positions 1403-1407) became reactive precisely at the site of the introduced U-U mismatch ( Fig. 3 C and D and Fig. S5 ). Critically, by making a mutation in the 921-927 strand of the alternate h28, we observe a specific increase in SHAPE reactivity precisely in the 1402-1408 strand, providing very strong support for the existence of this interaction in vivo. Conversely, nucleotides 1395-1396 became less reactive in the mutant, consistent with stabilization of the conventional h28 through destabilization of the alternate conformation ( Fig. 3C and Fig. S5 ). Collectively, these data support formation of the proposed alternate h28 helix conformation in free 30S subunits in cells. Nucleotide Position SHAPE reactivity Native sequence directly from cells using a filter binding assay; we used poly(U) and m292, a model mRNA with a complex sequence, in the assay. All three classes of 30S subunits bound poly(U) similarly and rapidly, at ≥5 min -1 (Fig. 4A , filled symbols), consistent with early studies (13) . Binding to the m292 mRNA was notably slower (∼0.06 min -1 ) for all three classes of 30S subunits, and the extent of binding was twofold higher for purified intracellular 30S subunits than for the conventionally purified active or inactive 30S subunits (Fig. 4B, open symbols) . The free intracellular 30S (in the alternate conformation) thus binds mRNA efficiently and distinguishes between poly(U) and a mixedsequence mRNA in roughly the same way as do conventionally purified active and inactive state subunits.
We next examined the ability of conventional inactive and active subunits and free 30S subunits purified from cells to initiate translation in vitro. 30S subunits were incubated with the components required to form the 70S initiation complex and synthesize an fMet-Val dipeptide, and the amount of dipeptide formed was quantified as a function of time. Activated 30S subunits synthesized peptide at a rate of 0.38 min -1 (Fig. 4B, circles) . Conventionally purified inactive 30S subunits gave an overall initiation rate of 0.0093 min -1 (Fig. 4B, squares) . When free 30S subunits were purified directly from cells and exchanged into reaction buffer, translation initiation rates were 0.02 min -1 , twofold faster than the rate of conventionally purified inactive 30S subunits (Fig. 4B , triangles). We then tested whether activation or inactivation procedures converted the free 30S subunits, isolated directly from cells, to the active or inactive state, respectively. Neither treatment appreciably changed the translation initiation activity of free 30S subunits (Table S2 ). This lack of activation suggests that some physical barrier slows free cellular 30S particles during translation initiation.
Discussion
Our data indicate that 16S rRNA in free 30S ribosomal subunits in rapidly growing E. coli adopts an alternate structure that closely resembles the inactive conformation of this subunit identified decades ago. The intrinsic barrier between this inactive state and the active one is low, consistent with the ability of paromomycin binding to shift the equilibrium toward the active state and with formation of nearly isoenergetic base pairs in the h44 shift conventional and alternate structures (Figs. 2 D and E and 3) . Addition of rifampicin before in-cell probing did not alter the SHAPE reactivity pattern, indicating that mature 30S subunits in cells spend significant time in the inactive conformation. The ability of the small ribosome subunit to form the alternate rRNA structure appears to be conserved in the 16S rRNAs from bacteria and archaea (3) and in the 18S rRNA in eucarya (4). Our in vivo probing experiments were performed over short periods of time in rapidly growing E. coli cells; hence, these free 30S particles represent an abundant, natural population of subunits in the cell. What functional role, then, does the inactive or alternate conformation play? Conformational variability in h28 and h44 has been implicated in multiple stages in 30S subunit translational functions including maturation, initiation, and turnover. Structural changes in the h44 region accompany 30S subunit maturation (20) , and the alternate conformation is the functional substrate for the Ksg methyltransferase (21) and YjeQ (22) biogenesis factors. Multiple factors that regulate both quality control (23) and translation initiation (24) bind at sites that overlap with the h28 and h44 helices, suggesting that structural changes involving the conventional and alternate h28-h44 helix conformations could be modulated by or govern accessibility to ribosome-binding assembly and translation factors. The alternate conformation also binds mRNA (Fig. 4A) , suggesting potential roles in translation initiation. Finally, the current model for ribosome turnover emphasizes passive control in which free subunits accumulate as cell growth slows, and the alternate conformation could affect 30S subunit turnover, as 16S rRNA degradation involves initial endonucleolytic cleavage between h27 and h28 (25) .
The conformational switch between conventional and alternate conformations provides a structural framework for interpreting this extensive body of information, emphasizing important roles for the h28-h44 region in many elements of ribosome function. Formation of the alternate h28 has the effect of shortening h44 or changing the linkage between this helix and the rest of the 30S subunit (Fig. 5 A and B) . This conformational change likely dislodges h44 from the body of the ribosome (Fig. 5C) (21) . This simple conformational switch would yield a subunit that does not bind tRNA in the P site and that would be unable to form the extensive interface with the 50S subunit. The functions of the inactive subunit could then be regulated by diverse interactions with h28 and h44 or adjacent to their interaction sites within the 30S subunit.
The shift between inactive and active states of the 30S subunit (1) was one of the first conformational rearrangements discovered in a cellular ribonucleoprotein complex. It has now become routine to "activate" purified 30S subunits before their use in most biochemical and crystallographic experiments. Thus, researchers make the assumption that ribosome function begins with the 30S subunit in a conformation competent to bind both tRNA and mRNA and initiate translation. Our findings reveal that the alternate conformation predominates for free 30S subunits in bacterial cells and suggest that the alternate conformation serves as a switch to activate multiple ribosome functions.
Methods
E. coli cells (DH5α or Δ7 prrn) were grown to midlogarithmic phase (OD 600 ∼0.6) at 37°C, subjected to SHAPE probing with 1M7 [dissolved in anhydrous DMSO; final concentrations of the reagent and organic cosolvent were 5 mM and 3% (vol/vol), respectively], and allowed to react for 2-5 min at 37°C. Noreagent controls were performed in parallel. Ribosome subunits were subsequently purified by sucrose sedimentation gradient fractionation (7), and sites of chemical modification in the 16S rRNA were resolved by capillary electrophoresis (5). For SHAPE probing performed with purified subunits, inactivation and reactivation of 30S subunits was performed as described (2) . Detailed descriptions of in-cell ribosome probing, probing following antibiotic treatment, mutant ribosome construction and in vivo analysis, thermodynamic calculations (Fig. S6) , and structure modeling are provided in SI Methods.
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SI Methods
In-Cell SHAPE. Escherichia coli cells (DH5α or Δ7 prrn) were grown to midlogarithmic phase (OD 600 ∼0.6) at 37°C. Cells (200 mL) were added to 6.2 mL of 166.67 mM 1M7 [dissolved in anhydrous DMSO; final concentrations of the reagent and organic cosolvent were 5 mM and 3% (vol/vol), respectively]. Concurrently, a no-reagent control was performed omitting 1M7. Samples were allowed to react with shaking for 2-5 min at 37°C. The cells were rapidly chilled by pouring samples over 150 g of ice, and samples were spun for 20 min at 14,000 × g at 4°C (Sorvall GSA rotor). Cells were resuspended in ∼1 mL lysis buffer [20 mM Hepes-KOH (pH 7.8), 0.5 mM MgCl 2 , 100 mM NH 4 Cl, 4 mM β-mercaptoethanol, and 16% (wt/vol) sucrose], lysozyme (15 μL and 50 mg/mL) was added, and samples were incubated on ice for 15 min. Cell lysis was initiated by freezing the samples in liquid N 2 , followed by thawing in ice water. The freeze-thaw cycle was repeated twice. After the last cycle, the cells were incubated on ice with 10 μL deoxycholate (15 μg/mL). Cellular debris was removed by spinning for 45 min at 24,000 × g at 4°C.
Purification of Ribosomal Components from SHAPE-Probed Cells.
Ribosomes were first passed through Pd-10 columns (GE Healthcare) equilibrated with buffer [20 mM Hepes-KOH (pH 7.8), 0.5 mM MgCl 2 , 100 mM NH 4 Cl, and 4 mM β-mercaptoethanol]. Sucrose sedimentation gradient fractionation was then performed essentially as described (1) . The cleared cell lysate (∼2 mL) was loaded onto columns, and columns were spun for 2 min at 4,000 × g at 4°C in a swinging-bucket rotor to remove the hydrolyzed 1M7 (2-methylamino-4-nitrobenzoate, which otherwise absorbs strongly at 254 nm). The lysate was then loaded onto a 10-45% (wt/vol) sucrose gradient in polysome buffer [20 mM Hepes-KOH (pH 7.5), 6 mM MgCl 2 , 100 mM NH 4 Cl, and 4 mM 2-mercaptoethanol] and spun at 40,000 × g for 12 h at 4°C. The speed and time were optimized to allow resolution of both polysomes and 30S subunits. Gradients were fractionated (0.5 mL per fraction) using a Biocomp Piston Gradient Fractionator with a BIORAD Econo UV Monitor (Abs 260 scale of 1.0). Fractions corresponding to 30S subunits, 70S ribosomes, and polysomes (four or more ribosomes) were pooled and concentrated (Amicon Ultra, 100,000 MWCO; Millipore). RNA was extracted by affinity chromatography (Qiagen RNeasy Mini kit). RNA concentration was determined by absorbance at 260 nm.
In Vitro SHAPE. E. coli DH5α 30S subunits were purified (2), and inactivation and reactivation of 30S subunits were performed as described (3). For inactivation, 30S subunits were incubated at 4°C in inactivation buffer [20 mM Hepes-KOH (pH 7.5), 0.5 mM MgCl 2 , 100 mM NH 4 Cl, and 4 mM 2-mercaptoethanol] for 20 min and then at 15°C for 15 min. For activation, 30S subunits were incubated in activation buffer [20 mM Hepes-KOH (pH 7.5), 20 mM MgCl 2 , 100 mM NH 4 Cl, and 4 mM 2-mercaptoethanol] for 20 min at 42°C. Buffer was added to lower the concentration of magnesium chloride to 10 mM, and subunits were incubated at 15°C for 15 min. Paromomycin (2 mM final) or sterile water was added, and samples were incubated at 15°C for 20 min. After incubation, 45 μL of the 30S subunit sample (with or without paromomycin treatment) was added to 5 μL 50 mM 1M7 (in anhydrous DMSO), and samples were incubated at 15°C for 10 min. No reagent control reactions were performed by addition of 5 μL neat DMSO. RNA was purified (Qiagen RNeasy Mini kit), and RNA concentration determined by absorbance at 260 nm.
30S Subunit Structure in Cells in Which Transcription or Translation
Was Inhibited. To halt transcription or translation, DH5α cells (500 mL) were treated as described (4) . Briefly, cells were grown to an OD 600 of ∼0.5, and 500 mL of cells were added to either 50 mL of 25.1 μM rifampicin in H 2 O (22.8 μM final) or 1.1 mM chloramphenicol in H 2 O (1.0 mM final), halting transcription or translation, respectively. Concurrently, a no-antibiotic control was performed where cells were added to 50 mL H 2 O. Cells were incubated with vigorous shaking for 20 min, and in-cell SHAPE and ribosomal subunit purification was performed as outlined above.
Primer Extension. Five primers of 19-22 nucleotides were used for analysis of 16S rRNA. The 3′ positions of the primers were complementary to 16S rRNA positions 323, 559, 947, 1112, and 1492 (5). Primer extension was performed as described (4) except that modified ribosomal RNA (1.5 pmol) and primer (2 pmol) were mixed and diluted to 13 μL with water before the primerannealing step. Dideoxy sequencing ladders were produced using unlabeled, unmodified total cellular RNA (in 12 μL) and 1 μL 2′,3′-dideoxycytidine (5 mM) triphosphate. cDNA fragments were separated by capillary electrophoresis using an Applied Biosystems 3500 capillary electrophoresis instrument.
Data Analysis. Raw capillary electrophoresis traces were analyzed using QuShape (6) . SHAPE reactivities for each experiment were obtained by subtracting the no-reagent background integrated areas from the (+) reaction integrated areas. All datasets were normalized by excluding the top 2% of the reactive nucleotides, averaging the next 10% of reactive nucleotides, and then dividing all intensities by this averaged value. Nucleotides with normalized SHAPE reactivities 0-0.3, 0.3-0.7, and >0.7 were designated as unreactive, moderately reactive, and highly reactive positions, respectively. Each experiment was performed at least twice, and data were reproducible.
Mutant Ribosomes and In-Cell Translation Assays. Mutations corresponding to the base-pair substitutions A923C/U1393G and A923U/U1393A (Table S1 ) were constructed in plasmid pKF207, which encodes 16S rRNA with the mutant anti-Shine-Dalgarno sequence 5′-GGGGU-3′ (7). The resulting plasmids were then transformed into indicator strains KLF2528 and KLF2526, harboring SD*-AUG-lacZ and SD*-AUC-lacZ, respectively (where SD* is an altered Shine-Dalgarno sequence, 5′-AUCCC-3′), allowing translation activity of the control and mutant ribosomes to be compared (8, 9) . The mutant 16S rRNA (A923/U1393A) was expressed in the E. coli Δ7 prrn strain SQZ10 as described (8), allowing for the comparative SHAPE analysis of mutant and native 30S subunits.
In Vitro mRNA Binding. Free cellular 30S subunits were isolated from E. coli cells without SHAPE treatment using sucrose gradients as described above. 30S subunits (50 nM; active, inactive, or free cellular) were mixed with 5′-[ 32 P]-labeled (∼200,000 cpm/μL) poly-U (1 nM) or m292 (5 nM) in mRNA binding buffer (20 mM Hepes-KOH pH 7.6, 6 mM MgCl 2 , 100 mM NH 4 Cl, 4 mM β-mercaptoethanol, and 1 mM GTP) and incubated at room temperature. Aliquots of 15 μL were taken at specific time points and filtered through a bilayer of nitrocellulose and hybond membranes (Protran and Hybond-N + ; GE Healthcare) (10) . Membranes were immediately washed with 100 μL mRNA binding buffer, dried, and quantified by phosphorimaging. Val ) in mRNA binding buffer and incubated at 25°C. Aliquots of 5 μL were removed at specific time points and quenched with an equal volume of 500 mM KOH. Dipeptides were separated from unreacted fMet using electrophoretic TLC (11) . The percentage of dipeptide formed was plotted as a function of time, and data were fit to a single exponential to obtain apparent rates (Table S2 ).
Calculation of Relative Stabilities of Active and Inactive RNA
Structures. The pseudo-free energy change term ΔG SHAPE was calculated for each model using optimized parameters m = 1.8 and b = -0.6 (12) . A truncated sequence of the 16S rRNA corresponding to nucleotides 920-933, 1384-1424, and 1476-1542 with GCAA tetraloop insertions to cap base-paired regions was used (Fig. S6 ). Nucleotides whose SHAPE reactivities change by at least 0.3 SHAPE units
More flexible in 30S subunits
More flexible in polysomes Fig. S1 . Differences in SHAPE reactivities for 16S rRNA in polysomes versus in free 30S subunits as measured in exponentially growing E. coli cells.
States that form the conventional h28
States that form the alternate h28 States biased towards the the conventional h28 , alternate helix 28 (Middle column), or where the equilibrium has shifted toward the conventional helix 28 (Right column), superimposed on the conventional RNA secondary structure. SHAPE reactivities are illustrated using the red, yellow, and black scale shown in Fig. 1 . In general, formation of the alternate h28 correlates with destabilization of h36 (Middle column). Note, throughout this work, most experiments were performed with DH5α E. coli cells; experiments comparing wild-type and the A923U/U1393A mutant were performed using Δ7 prrn cells. (B) The 3D structure of the neck region (colored as in Fig. 4 ) including helices 36 (yellow) and 37 (orange) (1). In Vivo 30S, +Rifampicin
SHAPE reactivity
In Vivo 30S 
Conventional
Inactive Active . Active and inactive 30S subunit states correspond to 16S rRNA in conventional and alternate base-pairing patterns. SHAPE reactivities for 16S rRNA probed using active (Left) and inactive (Right) in vitro purified 30S subunits superimposed on secondary structure models for the 16S rRNA in the conventional (Top) and alternate (Bottom) models. High, medium, and low SHAPE reactivities are shown in red, yellow, and black, respectively.
Alternate
Native sequence A923U/U1393A . The 16S rRNA mutant A923U/U1393A shifts the equilibrium from the alternate toward the conventional neck helix structure in vivo. Experimental SHAPE reactivities for the native sequence (Left) and mutant (Right) from 16S rRNA isolated from 30S subunits probed in vivo superimposed on RNA secondary structure models for (Top) conventional and (Bottom) alternate neck helix base-pairing models of 16S rRNA. These experiments were performed using Δ7 prrn E. coli cells. Note that introduction of the mutation stabilizes h28 at positions 1395-1396 relative to the native sequence (compare Upper Left and Upper Right) and specifically destabilizes the alternate helix at the site of the introduced mismatch (Lower Right), consistent with formation of the alternate h28 in vivo. 16S rRNAs with altered anti-Shine-Dalgarno sequence and additional mutations were expressed in indicator strains harboring either SD*-AUG-lacZ or SD*-AUC-lacZ (where SD* is an altered Shine-Dalgarno sequence, 5′-AUCCC-3′), and the level of β-galactosidase activity was quantified. *Level of translation from AUG relative to that of the control ribosomes. Data represent the quotient of two means ± SE (n ≥ 3).
† Level of translation from AUG relative to that from AUC for each of the control and mutant ribosomes. 
